Introduction: Although susceptibility genes for anti-citrullinated peptide/protein antibodies (ACPA)-positive rheumatoid arthritis (RA) have been successfully discovered by genome-wide association studies (GWAS), little is known about the genetic background of ACPA-negative RA. We intended to elucidate genetic background of ACPA-negative RA.
Introduction
Rheumatoid arthritis (RA) is the most common autoimmune arthritis worldwide with prevalence of around 1%. Genetic factors as well as environmental factors are involved in the development of RA [1] . HLA, especially HLA-DRB1, is the strongest susceptibility locus to RA beyond ethnicity. Anti-citrullinated peptide/protein antibody (ACPA) is a highly specific autoantibody to RA, which recognizes a broad range of citrullinated peptides and appears in approximately 80% of patients with RA [2] [3] [4] . Previous studies addressing the genetic difference between RA subsets with or without ACPA have shown that ACPA-negative RA has different susceptibility human leukocyte antigen (HLA) alleles from ACPA-positive RA [5] [6] [7] [8] . A recent study in Europeans also confirmed the different susceptibility HLA alleles in the context of susceptibility effects of amino acid residues [9] .
Recent genome-wide association studies (GWAS) have identified more than 40 non-HLA susceptibility loci in Europeans and Asians [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and these studies have also shown overlapped susceptibility loci among different populations [14, 22] as well as ethnicity-specific susceptibility loci [12, 13, 23] . Previous GWAS analyzed ACPA-positive RA or RA regardless of ACPA positivity. Evidence on the genetic background of ACPA-negative RA is quite limited, and there are only a few GWAS addressing ACPAnegative RA from the European population [24, 25] . The GWAS failed to identify specific susceptibility loci to ACPA-negative RA beyond the GWAS significance level. Several studies from mainly European countries using candidate gene approach have reported susceptibility markers to ACPA-negative RA [26] [27] [28] [29] [30] , but none of them were specific to ACPA-negative RA with strong P-values, due to their limited numbers of subjects.
In addition to previous reports of different HLA susceptibility alleles to ACPA-positive and -negative RA, one UK study reported different associations of RA susceptibility loci between ACPA-positive and -negative RA [27] . On the contrary, another study from the US reported that ACPA-negative RA shares large fractions of susceptibility loci with ACPA-positive RA except for HLA [31] . Thus, similarities and differences in genetic components between ACPA-negative and -positive RA are inconclusive.
Furthermore, previous studies suggest that ACPAnegative RA has two distinct subsets based on rheumatoid factor (RF) positivity in association with HLA alleles [32, 33] . No studies have ever addressed whether the two ACPA-negative subsets share non-HLA susceptibility alleles with ACPA-positive RA or with each other. Moreover, there are no GWAS or candidate gene studies addressing non-HLA locus in ACPA-negative RA from an Asian population, except for a subanalysis of GWAS against RA in a Chinese population [34] . A GWAS of ACPA-negative RA subjects from an Asian population may identify novel susceptibility loci to ACPA-negative RA, which were not found in the previous European GWAS due to lack of power, or which are specific to the Asian population. Asian GWAS would also elucidate overlapping and dissociations of susceptibility loci between ACPA-positive and -negative RA in the Asian population, including detailed analysis for the two subsets of ACPA-negative RA.
Here, to elucidate the genetic background of ACPAnegative RA for the first time in the Asian population, we performed a meta-analysis of GWAS comprising 670 patients with ACPA-negative RA and 16,891 controls in a Japanese population, followed by a replication study of 916 cases and 3,764 controls. We also analyzed genetic correlations between ACPA-positive and -negative RA or the two subsets of ACPA-negative RA based on RF positivity.
Methods

Ethics statement
This study was designed in accordance with the Helsinki Declaration. This study was approved by the local ethics committees, namely, Kyoto University Graduate School and Faculty of Medicine, Ethics Committee and Ethics Committees of RIKEN, Tokyo Women's Medical University Matsuyama Red Cross Hospital, Keio University School of Medicine, Dohgo Spa Hospital, Niigata Rheumatic Center, Higashihiroshima Memorial Hospital, Kurashiki Sweet Hospital and Pharm C, Matsubara Mayflower Hospital. Written informed consent was obtained from all study participants. All data were de-identified and analyzed anonymously.
Study subjects
A total of 670 patients with ACPA-negative RA and 16,891 controls were enrolled in the three GWAS from RIKEN, Kyoto University, and Tokyo Women's Medical University, respectively, and 916 cases and 3,764 controls in the replication study. The subjects in GWAS were included in the meta-analysis of RA recently reported from GARNET consortium [14] (RA metaanalysis hereafter). A summary of the participants is presented in Table 1 . All of the patients fulfilled American College of Rheumatology (ACR) revised criteria for RA in 1987 [35] or ACR and European League Against Rheumatism (EULAR) classification criteria for RA in 2010 [36] .
ACPA detection
The MESACUP CCP ELISA kit (Medical and Biological Laboratories Co., Ltd, Nagoya, Japan) was used to detect second-generation ACPA in each RA patient, according to the manufacturer's instructions. A cutoff value of 4.5 U/ml was used to define ACPA positivity.
RF detection
The serum RF concentrations of samples were quantified using a latex agglutination turbidimetric immunoassay or an ELISA assay. When multiple values for RF had been obtained at different visits, we used the maximum RF value for each patient. The cutoff values of each detection kit in each hospital were employed.
Genotyping
Microarrays in Illumina Infinium and Affymetrix were used for the meta-analysis of the three GWAS. Detailed information on the arrays was given in the previous report [14] . In the replication study, Taqman assays were performed for genotyping case subjects, and genotype data for controls were extracted from array data of Illumina Infinium HumanHap610-Quad or HumanHap550 (Table 1) . Association data for 2,822 patients with ACPA-positive RA and 16,891 controls were obtained from the RA meta-analysis. We applied the same quality-control criteria as the RA meta-analysis including call rate, minor allele frequency, and Hardy-Weinberg disequilibrium: these details were presented in the previous manuscript [14] .
Imputation
Imputed genotype data of ACPA-negative RA patients was extracted from the RA meta-analysis in a Japanese population. Briefly, MACH version 1.0.16 software was used for imputation of genotype data obtained by the GWAS of RA with the Hapmap phase II East Asian panel (JPT and CHB) as reference. As the meta-analysis in the current study included three different GWAS, the imputation was performed separately for data from each GWAS using the same reference panel. A total of 1,948,138 single nucleotide polymorphisms (SNPs) with minor allele frequency >1% and imputation score (Rsq) >0.5 were used for the analysis.
Thirteen regions associated with ACPA-negative RA in a European population SNPs in the 13 regions that were reported to be associated with ACPA-negative RA in a European population were extracted from the GWAS meta-analysis. The 13 SNPs that had the strongest associations among the 13 regions were selected as representatives of the regions. We performed a total of 20,000 permutation tests to evaluate empirical P-values to obtain the smallest P-values <0.01 from 4 of the 13 regions.
SNP selection for the replication study
SNPs with P-values <1 × 10 −4 in the GWAS meta-analysis and contained in both the Illumina Infinium HumanHap 610-Quad array and the Human Hap 550 array, and for which real-time PCR primers and probes were successfully designed, were selected for the replication study. Rs3889769 was excluded due to difficulty in designing probes for the replication study. The 21 SNPs that were shown to be susceptibility markers in the RA meta-analysis and were 
Statistical analysis
Dosage of risk alleles were assessed for associations with susceptibility to ACPA-negative RA by logistic regression analysis. The inverse-variance method was used to combine results of the three GWAS in the meta-analysis assuming a fixed-effect model from study-specific effect sizes (logarithm of ORs) and to combine results of the GWAS meta-analysis and the replication study. The QQ plot was used to assess population structure in the GWAS meta-analysis. Genomic control methods were applied to the test statistics in each of the three GWAS of ACPA-negative RA patients based on the inflation factor calculated in each study. Because the metaanalysis of the three GWAS did not show an inflation factor >1.0, we did not apply genomic control to the results of the meta-analysis. We also performed GWAS meta-analysis using age and sex as covariates. Statistical analyses were performed by R software or PLINK version 1.07 [37] . P-values <0.05 and 5 × 10 −8 were regarded as significant for correlation analyses and GWAS, respectively.
Results
The overall strategies of our study are demonstrated in Additional file 1. First, a total of 670 patients with ACPAnegative RA from three independent cohorts (GARNET Consortium detailed in Methods) and 16,891 controls were genome-scanned with different SNP typing platforms (Table 1 ) and the data were imputed separately using the same Hapmap phase II East Asian panel as reference and corrected in order to fit meta-analysis as detailed in Methods. The QQ plot of the GWAS meta-analysis did not show evidence of population stratification (lambda = 0.98, Additional file 2). Thus, we did not apply genomic control to our GWAS results. The result of the GWAS metaanalysis is shown in Figure 1 and no markers, including the HLA locus, reached the GWAS significant level. However, when we focused on our results in the GWAS meta-analysis of the genes that had been reported to be associated with ACPA-negative RA in the previous studies, four out of the 13 genes had SNPs with suggestive association (P <0.01) (Additional file 3). This ratio was significantly higher than the ratio obtained by chance based on 20,000 permutations (permutation P = 0.017). We confirmed that the effect sizes and Manhattan plot in the meta-analysis were almost identical to those in the meta-analysis using age and sex as covariates (Additional files 4 and 5).
Next, we performed a replication study by selecting 35 SNPs that showed suggestive associations with ACPAnegative RA in the GWAS meta-analysis (Additional file 6, P <1.0 × 10
; for detail see Methods). An independent set of 916 patients with ACPA-negative RA and 3,764 controls were used for the replication study using the Taqman Assay. As a result, 3 out of the 35 SNPs, namely, rs6904716 in LEM domain containing 2 (LEMD2) on the HLA locus, rs17727339 in Fc receptor like 3 (FCRL3) on chromosome 1, and rs6986423 in CUB and Sushi multiple domains 1 (CSMD1) on chromosome 8, showed the same direction of risk alleles as the GWAS meta-analysis with P-values <0.05 ( Table 2 ). None of these three SNPs showed deviation from Hardy-Weinberg equilibrium (P ≥0.039). In the combined study using the inverse-variance method, rs6904716, which is contained in the HLA locus, had borderline association (P = 5.7 × 10
−8
). These three SNPs did not show significant heterogeneity among the three GWAS and among the GWAS and the replication study (Table 2) . While rs6986423 showed a moderate heterogeneity, the P -value based on Qstatistics was not significant (P = 0.076).
Although we did not find any variants associated with ACPA-negative RA with P-values beyond the GWAS significance level, we hypothesized that ACPA-negative RA shares a large part of the susceptibility loci with ACPA-positive RA. To test this hypothesis, we compared the ORs of the associated SNPs in ACPA-positive RA with those in ACPA-negative RA. First we selected the 21 non-HLA susceptibility SNPs in the RA metaanalysis in a Japanese population [14] (for detail see Methods). As shown in Figure 2A , ORs of the 21 SNPs for ACPA-negative RA are clearly correlated with those for ACPA-positive RA (r = 0.65, P = 0.0014, Figure 2A and detailed in Additional file 7). These 21 SNPs were also genotyped for the replication study (916 patients with ACPA-negative RA and 3,764 healthy controls), and again the significant association of ORs between the two RA subsets was obtained (r = 0.45, P = 0.038, Figure 2A and detailed in Additional file 7). These results strongly suggest that ACPA-negative RA shares non-HLA susceptibility loci with ACPA-positive RA ( Figure 2B) .
Next, to address the question as to whether weakly associated genes are also shared between ACPA-positive and -negative RA, SNPs were stratified by the P-values in the GWAS meta-analysis for either ACPA-positive RA or ACPA-negative RA and correlation coefficients of ORs for the SNPs in each stratified fraction were plotted. As shown in Figure 2C , the smaller the P-values, the bigger the correlation coefficients. These results suggest that the susceptibility loci of ACPA-positive RA and ACPA-negative RA are largely overlapped and the effect size of each SNP is similar between the two RA subsets.
Last, because our recent study showed that ACPAnegative RA consists of two genetically different subsets in terms of HLA-DRB1 usage, that is, ACPA-negative RFpositive RA and ACPA-negative RF-negative RA [32, 33] , associations of non-HLA markers were compared between these two ACPA-negative subsets. As shown in Figure 3A and B, ORs for SNPs in ACPA-positive RA were correlated with those in ACPA-negative RF-positive RA and ACPAnegative RF-negative RA. In particular, ORs for SNPs showing suggestive associations (P <0.001) with ACPA-positive RA also had strong correlation with ACPA-negative RFpositive RA (r = 0.47, Figure 3A) . On the contrary, when correlations of ORs were analyzed between ACPA-negative RF-positive RA and ACPA-negative RF-negative RA, no positive associations were observed, even for the SNPs suggestive associations (P <0.001) ( Figure 3C ). These results suggest that ACPA-positive RA is genetically similar to ACPA-negative RF-positive RA rather than ACPA-negative RF-negative RA.
Discussion
Because the number of studies addressing susceptibility loci to ACPA-negative RA including candidate gene analyses is quite limited, this is the first report of GWAS addressing ACPA-negative RA in an Asian population and one of the largest in the world [24, 25] . Our study revealed that ACPA-negative RA shares a large proportion of susceptibility loci with ACPA-positive RA for non-HLA alleles. Moreover, our results suggest that ACPAnegative RA consists of two genetically distinct subsets based on RF positivity even for non-HLA genes. Our study participants showed 45.5% of positivity of RF, compatible to the previous ACPA-negative RA cohorts [9] .
We confirmed that inclusion of age and sex as covariates did not alter the results. This means that as the prevalence of RA is around 1% and the controls are not young, the influence of contamination of subjects among controls who develop RA in the future should be very small.
Our study confirmed an association between ACPAnegative RA and the HLA locus and revealed suggestive associations of FCRL3 on chromosome 1 and CSMD1 on chromosome 8. We did not find heterogeneity among the studies, indicating that these associations were not obtained by one or two studies with extreme association. While the female ratio was different between cases and controls, we did not adjust for sex. This is because most of the previous GWAS, including our previous metaanalysis, did not adjust for sex to analyze autosomal SNPs.
Because rs6904716 in the HLA locus was not very strongly associated with ACPA-positive RA in the RA meta-analysis [14] , these results suggest that associated HLA alleles are different between ACPA-positive and ACPA-negative RA. Low effect sizes of the HLA locus to ACPA-negative RA may explain the lack of significant association of the HLA locus in the meta-analysis of GWAS. FCRL3 has been reported to be associated with RA, especially in the Japanese population [38] . Rs7528684 is considered to be the causative variant of the FCRL3 region to which NFκB binds and activates B cells to produce antibody by augmenting BCR-mediating signals [38] . Rs17727339 is in moderate linkage disequilibrium (LD) with rs7528684 (D':0.80 and r 2 :0.28). Although the association of rs17727339 in the combined study did not reach the GWAS significant level, the replication study supported the association of FCRL3 with ACPA-negative RA. Thus, it is likely that the FCRL3 region, possibly as a consequence of association of rs7528684, is associated with both ACPA-positive and -negative RA.
CSMD1 is a tumor-suppressor gene associated with psoriasis, Kawasaki disease and schizophrenia [39] [40] [41] . CSMD1 expresses mainly in epithelial cells and exhibits anti-tumor activity through activation of the Smad pathway [42, 43] . CSMD1 also functions as a complement regulatory gene, especially of the classical pathway [43] . Thus, the role of CSMD1 on complement or other genes nearby CSMD1 may have an important role on the development of ACPA-negative RA. This chromosome 8 region was not associated with ACPA-positive RA in the RA meta-analysis (P = 0.87), therefore, this region may be an ACPA-negative RA-specific associated region. Considering the moderate heterogeneity of rs6986423, further replication studies would confirm the association between this region and ACPA-negative RA. Four regions out of the thirteen genes that had been shown to be associated with ACPA-negative RA in European populations had P-values <0.01 (Additional file 3) in the Japanese population. Although these markers did not reach the stringent significance level, the current results suggest that ACPA-negative RA shares susceptibility loci beyond ethnicity.
Although we did not find ACPA-negative RAassociated genes with a GWAS-significance level due to the limited power of case subjects, the current results suggested that the majority of non-HLA susceptibility loci are shared between ACPA-positive and ACPAnegative RA. Correlation analysis of the 21 SNPs in the susceptibility loci to Japanese RA showed significant correlations of ORs between ACPA-positive and ACPAnegative RA in both the GWAS meta-analysis and the replication study. These consistent correlations support similarity of genetic background between the two RA subsets. Such results are consistent with the previous US report that compared the ORs of representative SNPs in 29 RA susceptibility loci of European ancestry between ACPA-positive RA and ACPA-negative RA. We also showed that the ORs for SNPs weakly associated with ACPA-positive RA are correlated with ACPA-negative RA, with the strength of correlation depending on the strength of the P-values for the association. While the UK study emphasized the categories of susceptibility loci (for example, some genes are associated only with ACPA-positive RA and some genes with both ACPApositive and ACPA-negative RA), we assume that the majority of the susceptibility loci are shared between ACPA-positive and ACPA-negative RA. Because the results of susceptibility analysis for genes with a small effect size vary by the sample size, correlation analysis of effect size may be more powerful than the orthodox association analysis in such cases. In fact, when we calculated the correlation of ORs for the 35 non-HLA SNPs from the table in the UK study [27] , the correlation coefficient was 0.63, showing that many of the genes are shared between ACPA-positive and -negative RA. These strong correlations between ACPA-positive and -negative RA matches with the current study as well as the US study [31] .
On the contrary, HLA-association seems to be different between ACPA-positive and -negative RA. We and others have already shown that the HLA-DRB1 allele usage in ACPA-negative RA is different from that in . SNPs in the HLA locus were excluded from this analysis.
